Objectives This study aims to synthesize and characterize biodegradable polymer-based matrices loaded with CaO nanoparticles for osteomyelitis treatment and bone tissue engineering. Materials and methods Poly(ε-caprolactone) (PCL) and PCL/ gelatin (1:1, w/w) solutions containing CaO nanoparticles were electrospun into fibrous matrices. Scanning (SEM) and transmission (TEM) electron microscopy, Fourier transformed infrared (FTIR), energy dispersive X-ray spectroscopy (EDS), contact angle (CA), tensile testing, and antibacterial activity (agar diffusion assay) against Staphylococcus aureus were performed. Osteoprecursor cell (MC3T3-E1) response (i.e., viability and alkaline phosphatase expression/ALP) and infiltration into the matrices were evaluated. Results CaO nanoparticles were successfully incorporated into the fibers, with the median fiber diameter decreasing after CaO incorporation. The CA decreased with the addition of CaO, and the presence of gelatin made the matrix very hydrophilic (CA = 0°). Increasing CaO concentrations progressively reduced the mechanical properties (p ≤ 0.030). CaO-loaded matrices did not display consistent antibacterial activity. MC3T3-E1 cell viability demonstrated the highest levels for CaO-loaded matrices containing gelatin after 7 days in culture. An increased ALP expression was consistently seen for PCL/CaO matrices when compared to PCL and gelatin-containing counterparts. Conclusions Despite inconsistent antibacterial activity, CaO nanoparticles can be effectively loaded into PCL or PCL/ gelatin fibers without negatively affecting the overall performance of the matrices. More importantly, CaO incorporation enhanced cell viability as well as differentiation capacity, as demonstrated by an increased ALP expression. Clinical significance CaO-loaded electrospun matrices show potential for applications in bone tissue engineering.
Introduction
Bone is a dynamic and heterogeneous tissue that is essentially composed of hydroxyapatite crystals embedded in a wellordered collagen fiber network [1] . Under healthy circumstances, bone is under continuous remodeling, which involves both anabolic (bone formation) and catabolic (bone resorption) processes. Regrettably, in a diseased and/or infected bone, the metabolic equilibrium state is disordered, with prevalence of mineral resorption over mineral formation, thus creating a destructive cycle that, if sustained, may lead to severe bone loss.
Among numerous adverse conditions that may affect bone structures, osteomyelitis is considered a chronic infection that can hardly be solved by using antibiotic therapy alone. Indeed, depending on the severity and duration of the infection, not only bone tissues may be destroyed but also the surrounding vascularization [2] , producing a portion of dead and infected bone, also known as Bsequestrum^ [3] . This may hamper the delivery of systemic antibiotics to the infected site; consequently, radical surgical debridement of the sequestrum is vital to recover the bone tissue. Notwithstanding, osteomyelitis is usually associated with high recurrence rates (ranging from 3.9 to 24 %) [4] [5] [6] , which may compromise functional bone rehabilitation.
Several techniques and combinations of materials have been used to ensure proper bone formation/healing. Bone graft materials (e.g., autologous, allogeneic, or synthetic), combined or not with repair promoters (e.g., platelet-rich plasma, enamel matrix derivative), have been extensively used for oral and maxillofacial rehabilitation purposes, displaying a high level of efficacy [7, 8] . Hyperbaric oxygen therapy was also revealed to enhance new bone formation in diseased bone [9] . Nonetheless, these foregoing techniques do not combat the infection associated with osteomyelitis, thus requiring the systemic administration of antibiotics. Taking into consideration that tissue engineering may produce biomaterials (e.g., scaffolds, hereafter referred to as matrices) that combine both antibacterial properties and potential cell proliferation/differentiation amplification, the use of socalled bioactive matrices may become a promising approach for the healing of infected bone pathologies.
In light of this, electrospinning has been deemed as a feasible method for the preparation of three-dimensional, open, and interconnected porous structures that have been positively used for bone tissue engineering [10] [11] [12] [13] [14] . Moreover, these biomaterials have been used as a delivery system for several distinct substances (e.g., antibiotics, minerals, growth factors, among others), thus enhancing biological events in different sites of application [13, [15] [16] [17] [18] [19] .
Although antibiotic-containing matrices may be interestingly applied for the treatment of osteomyelitis due to their antibacterial potential [20] , currently, there is concern about the use of antibiotics, mainly because of possible cytotoxic effects that some drugs may display on human cells [21, 22] , but more importantly, because of the increased likelihood of bacterial resistance [13, 23] . In this way, the replacement of antibiotics by alternative antibacterial agents, such as metal oxides, may help to combat bone infection, since CaO nanoparticles have demonstrated significant antimicrobial and antifungal activities [24] [25] [26] . Furthermore, improved osteogenic ability [27] and increased osteoconductivity [28, 29] have been associated with the use of CaO-containing bioactive glasses. Here, we investigated the incorporation of CaO nanoparticles into electrospun matrices aiming to obtain an antibacterial response against osteomyelitisrelated bacteria and improve cell viability and osteogenic differentiation for bone tissue engineering.
Materials and methods

Materials
Poly(ε-caprolactone) pellets (PCL, Mw = 80,000) were procured from LACTEL Absorbable Polymers (Birmingham, AL, USA). Gelatin type-B from bovine skin (∼225 bloom, Mw = 50,000), 1,1,1,3,3,3-hexafluoro-2-propanol (HFP), and calcium oxide nanoparticles (CaO, <160 nm) were all purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as-received.
Synthesis of PCL and PCL/gelatin matrices loaded with CaO nanoparticles
Two different polymer solutions were prepared by dissolving PCL or PCL/gelatin (PCL/GEL, ratio of 1:1, w/w) in HFP to produce 10 wt% (100 mg mL −1 ) solutions, which were stirred overnight. The PCL solution was then loaded with distinct concentrations (0, 5, 10, and 15 wt%, relative to the total polymer weight) of CaO nanoparticles, whereas the PCL/ GEL solution was loaded with only 15 wt% of nanoparticles (to investigate the effect of hydrophilicity/hydrophobicity on the antibacterial activity). The mixtures were stirred for 24 h and sonicated for 90 min before their use to improve nanoparticle dispersion within the polymer solution, and then electrospun using an electrospinning system consisting of a high-voltage source (ES50P-10W/DAM, Gamma HighVoltage Research Inc., Ormond Beach, FL, USA), a syringe pump (Legato 200, KD Scientific Inc., Holliston, MA, USA), and a grounded stainless steel collecting drum connected to a high-speed mechanical stirrer (BDC6015, Caframo Limited, Georgian Bluffs, ON, CA) [17, 30] . The solutions were individually loaded into a plastic syringe (Becton, Dickson and Company, Franklin Lakes, NJ, USA) fitted with a 27G metallic blunt-tip (CML Supply, Lexington, KY, USA), and electrospun at room temperature, using the following parameters: a fixed spinning distance of 18 cm, rotating mandrel with 120 rpm of speed, flow rate of 1.5 mL/h, and varying electric voltages according to the solution. The obtained mats (hereafter referred to as matrices) were then dried under vacuum for at least 48 h to completely remove any remaining solvent.
Characterization of the morphology and composition of the electrospun fibers
The morphology and overall fiber architecture of the electrospun fibers were evaluated using a field-emission scanning electron microscope (FE-SEM, Model JSM-6701F, JEOL, Tokyo, Japan). Samples taken from each matrix were mounted on an aluminum stub, sputter-coated with gold-palladium, and imaged at 5-7 kV. The diameter of the fibers was then calculated using Image J software (National Institutes of Health, Bethesda, MD, USA) and by measuring 50 singlefibers per each image obtained (three images/group) at the same magnification (×5000). Energy dispersive X-ray spectroscopy (EDS) was performed under FE-SEM to semiquantitatively analyze the chemical composition of the fibers.
The incorporation of the CaO nanoparticles into the polymer fibers was investigated using transmission electron microscopy (TEM, Model JEM-2010, JEOL). The chemical characteristics and CaO incorporation of all the matrices were also evaluated by Fourier transform infrared spectroscopy (FTIR) in the attenuated total reflection mode (ATR/FTIR-4100, JASCO Analytical Instruments, Easton, MD, USA), over the range 700-4000 cm −1 at a resolution of 4 cm
.
Contact angle
The unfilled and CaO-incorporated solutions were electrospun into fibers on microscope glass coverslips (Fisherbrand, Fisher Scientific UK Ltd., Loughborough, UK) mounted on the rotating mandrel (n = 10/group). The electrospinning parameters were the same as aforementioned. The surface CA of the fibrous matrices was measured using a goniometer (Model PG-2, Gardco, Paul N. Gardner Company Incorporated, Pompano Beach, FL, USA) by dropping three consecutive drops of distilled water (~5 μL) per sample. The measured angles were then averaged.
Mechanical properties
The mechanical properties (i.e., tensile strength, Young's modulus, and elongation at break) of all the obtained matrices were assessed by uniaxial tensile testing (expert 5601, ADMET, Norwood, MA, USA). Rectangular samples (15 × 3 mm . The specimen thickness was determined by measuring with caliper at five locations. Mechanical data were obtained from the stress-strain curves of each specimen and the results were reported as mean ± standard deviation (SD).
Antibacterial activity
The minimum inhibitory concentration (MIC) of the CaO powder was determined using suspensions of CaO nanoparticles in PBS at the following concentrations: 100, 250, 500, 10 00 , 2 50 0, 50 00 , 1 0,0 00 , a nd 20 ,0 00 μ g / m L . Staphylococcus aureus was chosen as the bacterial agent in this study because it is a common pathogen found in osteomyelitis cases [31, 32] . The antibacterial activity against S. aureus (ATCC 6538) was tested using an agar diffusion assay (n = 3/group), which was aerobically cultivated in Brain Heart Infusion (BHI) broth supplemented with 5 g yeast extract/L at 37°C. A 10-μL aliquot of each CaO suspension was dropped on cultured blood agar plates containing S. aureus bacterial lawns and incubated for 48 h. Then, the matrices were also tested in order to evaluate their antibacterial potential. Briefly, disk-shaped specimens (5 mm in diameter) were prepared and sterilized by ultraviolet irradiation for 1 h (30 min each side), before placing on the cultured blood agar plates as previously described [16] .
Cell culture
Mouse-calvaria-derived osteoprecursor cells (ATCC, CRL-2593, MC3T3-E1 Subclone 4, American Type Culture Collection, Rockville, MD, USA) were cultured at 37°C under 5 % CO 2 /95 % air in minimum essential medium (alpha-MEM, Gibco, Grand Island, NY, USA) supplemented with 10 % fetal bovine serum (Gibco), 1 % L-glutamine (Sigma), and a 1 % antibiotic formulation (penicillin G sodium, streptomycin sulfate, Sigma) [33] . The media was changed every other day and the cells were trypsinized upon reaching confluence. Cells at passages 12-15 were used. Worth mentioning, all electrospun matrices were cut into 15 × 15 mm 2 samples and disinfected by 70 % ethanol for 30 min, rinsed once with 2 mL of sterile 0.9 % PBS (Sigma), and soaked in the previously described culture medium for 30 min prior to cell seeding.
Cell adhesion
MC3T3-E1 cells at passage 13 were seeded at a density of 10, 000 cells/matrix. At day 3, the matrices were removed from the media, washed in PBS, and fixed using 3.7 % formaldehyde (Sigma). After washing in PBS (3×), the cells were permeabilized with 0.1 % Triton X-100 (Sigma) for 10 min. The matrix-cells constructs were washed with PBS (3×) and incubated with 1 % bovine serum albumin for 30 min to reduce nonspecific background staining. Next, the matrices were once again washed in PBS prior to rhodamine-phalloidin (1:1000 dilution; Invitrogen Life Technologies, Gaithersburg, MD, USA) incubation for 1 h, in the dark, for actin filament staining. Finally, the constructs were washed in PBS (3×), followed by staining using Syto 13 (1:1000 dilution; Invitrogen Life Technologies) for nucleic acid staining, washed in PBS, imaged using a confocal/2-photon Olympus FV1000 MPE system (Olympus America, Central Valley, PA, USA), and then analyzed using the Fluoview software (v.3.0). Images (512 × 512 pixels; 221 × 221 μm 2 ) were captured with a XLUMPLFL 20× (0.95 NA) objective at a scan rate of 4.0 μs/pixel. Images are maximum intensity projection of Z-slices of ca. 50 μm depth.
Cell viability
Cell viability was assessed using the PMS-MTS one solution kit (Promega Corporation, Fitchburg, WI, USA) after 3, 5, and 7 days. MC3T3-E1 cells at were seeded at a density of 10,000 cells/matrix. A total 100 μL of the assay reagent was added to each sample containing 500 μL of fresh, fully supplemented medium. Following 2 h of incubation at 37°C and 5 % CO 2 in a humidified atmosphere, 100 μL from each 24-well plate was transferred into wells of a 96-well plate in triplicate. Absorbance was determined at 490 nm using a plate reader. The MC3T3-E1 cells, seeded directly into 24-well plates, served as a high control. As a background, optical density measured at 650 nm was used for samples, per the manufacturer's recommendations. Two supplementary samples per group and per time point were included in the cell experiment to qualitatively assess cell-matrix interaction via SEM (JSM-5310LV, JEOL, Tokyo, Japan).
Alkaline phosphatase assay
The osteogenic differentiation of MC3T3-E1 cells on the synthesized matrices was determined by alkaline phosphatase (ALP; SensoLyte pNPP, AnaSpec, Fremont, CA, USA) activity at days 1, 3, 7, and 14. The assay is based on the conversion of pnitrophenyl phosphate (pNPP) to p-nitrophenol, which is measured at 405 nm. Briefly, the cells were seeded on the 15 × 15 mm 2 samples at a density of 3 × 10 6 and cultured in osteogenic differentiation media (Lonza, Walkersville, MD, USA) for 14 days. At the predetermined timepoints, the cells were digested using lysis buffer (300 μL) and subjected to three freeze-thaw cycles. The cell suspension was centrifuged for 10 min at 4°C. Fifty microliters of the supernatant was added to each well of a 96-well plate and allowed to react for 15 min with 50 μL of pNPP substrate solution at 37°C. Standards of 0-300 ng/mL p-nitrophenol were run in parallel. The absorbance of standards and samples were read at 405 nm. Protein concentrations of the sample supernatants were determined using a Pierce™ assay kit (Thermo Scientific, Waltham, MA, USA).
Statistical analysis
Data were statistically analyzed (SigmaPlot version 12, Systat Software Inc., San Jose, CA, USA) using the Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks for heteroscedastic data (fiber diameter) and one-way ANOVA (contact angle and cell viability) or two-way ANOVA (mechanical characteristics) for homoscedastic data. The StudentNewman-Keul's and Tukey's tests were used, respectively, for multiple comparisons of heteroscedastic and homoscedastic data. Pearson correlation was used to correlate the contact angle with CaO concentration. The level of significance for all analyses was set at α = 0.05.
Results
Morphological analysis
All matrices demonstrated homogeneous fibers, although the incorporation of CaO resulted in the occurrence of some beadlike structures, as well as in the occurrence of clusters along the length of some fibers (Fig. 1) . According to the statistical analysis, the presence of gelatin increased the median fiber diameter compared to the gelatin-free fibers (inset table in Fig. 1) . Moreover, the greater the incorporation of CaO, the thinner the fibers (p > 0.05).
Chemical and ultrastructure analyses
EDS analysis confirmed the incorporation of CaO within the PCL matrix (Fig. 2a) , as seen by the characteristic peaks in the spectrum obtained from the PCL nanocomposite matrix loaded with 15 wt% of CaO. The FTIR analysis also revealed incorporation of CaO into the PCL (Fig. 2b) and PCL/GEL matrices (Fig. 2c) . Appearance of the peak located at 876 cm −1 could be observed in the CaO powder and also in all of the CaO-loaded matrices, but not in the neat membrane. Moreover, the presence of another peak located at 3641 cm −1 was seen within both the high-concentrated CaOloaded matrices and the CaO powder. The incorporation of gelatin into the PCL/GEL matrix was also confirmed by the occurrence of three characteristic peaks (amide-A/3290 cm
, amide-I/1627 cm −1 , and amide-II/1524 cm −1 ) (Fig. 2c) . In addition, the TEM images showed that the CaO nanoparticles were distinct in shape/size (Fig. 3a) , although found in the nano-size range (average size of 67 nm). Furthermore, the images clearly show the difference between neat and nanocomposite fibers; while the former were visually clear and smooth (Fig. 3b) , the latter showed a rougher surface and areas embedded with CaO nanoparticles (Fig. 3c, d ).
Contact angle
The PCL-based matrices, regardless of the presence of CaO, presented a hydrophobic surface (i.e., contact angle higher than 90°) (Fig. 4a) . However, according to the regression model used, the greater the CaO concentration, the lower the contact angle achieved (Fig. 4b) . By contrast, the PCL/GELbased matrix demonstrated a very hydrophilic surface (contact angle equal to 0°) (Fig. 4a) , which was significantly lower (p < 0.001) compared to the other matrices evaluated (Fig. 4c) .
Mechanical characteristics
Based on the statistical analysis, there was a significant interaction (p ≤ 0.001) between the factors investigated (i.e., Bmatrix type^versus Bstorage condition^). The results are shown in Table 1 . With regard to the storage condition factor, the PCL-based matrices demonstrated similar mechanical performance under both Bdry^and Bwet^conditions (p ≥ 0.052), except for the matrix loaded with 15 wt% of CaO, which exhibited lower (p = 0.003) Young's modulus after wet storage when compared to specimens that were stored dry. With regard to the matrix-type factor, the greater the content of CaO incorporated into the matrix, the lower the mechanical characteristics (p ≤ 0.030). The gelatin-based matrix showed higher tensile strength (p ≤ 0.025), Young's modulus (p ≤ 0.001), and elongation at break (p ≤ 0.043) when compared to the PCL matrix containing 15 wt% of CaO, except for the Young's modulus of specimens stored in wet condition, which did not differ from each other (p = 0.459). Wet storage reduced (p < 0.001) the properties of the gelatin-based matrix compared to dry storage. Fig. 1 Representative SEM micrographs and median fiber diameter (inset table) for the processed electrospun polymer-based matrices. Median fiber diameter was calculated using 150 fibers seen on three distinct SEM images 
Antibacterial activity
The antibacterial activity test was conducted three separate times in triplicate. In the first experiment, a positive inhibition halo could be observed for the gelatinbased matrix containing 15 wt% of CaO (Fig. 5a ), although this effect was not observed with the gelatin-free matrices. Two other experiments were performed to further confirm the data; however, in both experiments, the distinct CaO suspensions, as well as the matrices containing CaO nanoparticles, demonstrated no antibacterial activity against S. aureus (Fig. 5b) .
Cell adhesion
MC3T3-E1 cells were able to adhere and proliferate on all the synthesized matrices. However, cells on CaO-loaded matrices appeared to spread and migrate more when compared to the pure PCL matrix (Fig. 6) . The PCL/GEL/CaO matrix seemed to have the greatest cell number. Figure 6 display images that represent the maximum intensity projections of the Z-slices. The Z images obtained by confocal microscopy revealed cell infiltration along the depth of the matrix (Fig. 6 ).
Cell viability
Quantitative data is shown in Fig. 7 . MC3T3-E1 cell viability increased in a time-dependent fashion, with cultures at day 7 displaying a higher (p < 0.001) number of cells than cultures at day 3. The only exception occurred in cells cultured on the PCL matrix containing 15 wt% of CaO, which showed increased viability until day 5, but then a significant (p < 0.001) reduction at day 7. The gelatin-based matrix allowed the highest levels of cell viability obtained in the study, although it was not different (p ≥ 0.541) from the PCL matrices containing no (0 wt%) or low (5 wt%) content of CaO after 7 days of cell culture. Qualitative SEM images of MC3T3-E1 proliferation after direct contact with the processed matrices are shown in Fig. 8 . The cells demonstrated a fairly well spread-out distribution over the surface of the matrices, and extensions of pseudopodia were present surrounding the center of the cells.
ALP activity
An increased ALP expression was consistently seen for PCL/ CaO matrices when compared to PCL and gelatin-containing counterparts ( Fig. 9 ) demonstrating the high mineralization capability of cells seeded on CaO-loaded, but gelatin-free, electrospun fibrous matrices.
Discussion
Considering that cells need a proper substrate to attach to and to proliferate in, the morphological structure of the processed matrices was evaluated. According to the SEM micrographs shown in Fig. 1 , all matrices presented a homogeneous structure, although the presence of CaO resulted in the occurrence of some bead-like structures. It can be suggested that the inherent high surface energy of nanoparticles led to their agglomeration [15] , forming clusters along the fiber length that have probably originated from the beads. Surprisingly, no beads were seen within the PCL/GEL-based matrix despite the presence of 15 wt% of CaO. This, perhaps, is due to While distinct uppercase letters in the same column indicate statistically significant differences among the membranes tested (p < 0.05), distinct lowercase letters in the same row represent a significant difference between the storage conditions investigated (p < 0.05) increased viscosity of the gelatin-based polymer solution, which allowed improved chain entanglement during electrospinning and, consequently, the production of thicker fibers [34] . Indeed, the increase in fiber diameter may have played a positive and significant role in CaO distribution, leading to non-detectable agglomeration of the nanoparticles.
Regarding the fiber diameter, the incorporation of CaO progressively reduced the diameter of fibers, probably due to the increase in electrical conductivity of the polymer solution (i.e., CaO = metallic oxide), which acted by increasing the charge density on the surface of the ejected spinning jet, followed by a reduction in self-repulsion tension, and consequently, a reduction in the thickness of the fibers [15] . Moreover, it can be noted that the greater the CaO concentration, the lower the apparent porosity of the matrices. However, porosity is an important characteristic for cell migration and infiltration [35] , since the cells need space to move within the architecture of the matrix; this characteristic was not investigated in the present study. Despite the distinct fiber architectures obtained, it can be speculated that all matrices displayed a satisfactory morphology, so they appeared suitable for bone tissue engineering applications. Although the fibers shown in Fig. 1 do not provide a conclusive visual detection of the presence of CaO nanoparticles, the EDS, FTIR, and TEM analyses confirmed their successful incorporation into the processed matrices. The EDS analysis is an analytical technique used to provide semi-quantitative chemical information. According to Fig. 2a , two calcium peaks were detected, corresponding to approximately 13 wt% (inset table) of all chemical elements present within the PCL-based polymer nanofibers incorporated with 15 wt% of CaO (theoretical amount). This confirmed that the amount of CaO added to the polymer solution was almost identical to the amount of CaO incorporated into the nanofibers. The presence of CaO and gelatin was also detected by the FTIR analysis (Fig. 2b, c) , and it is worthwhile to note that the higher the CaO content, the greater the intensity of CaO-related peaks in the spectra.
Considering the successful CaO incorporation into the fibers, this study also investigated the effects of these 50 μm depth) . The matrices are false colored gray, the actin stained cells appear red, and the nucleus is stained green. The colocalization of red actin and green nucleus appear as yellow. The XZ and YZ images represent of specific line are also shown to demonstrate the cell infiltration on the matrices. Triplicate samples were measured nanoparticles on the final wettability of the matrices, especially because optimal wettability is an important characteristic to cell adhesion and proliferation [13] . Although the matrices became less hydrophobic with the addition of CaO (Fig. 4) , they still presented low wettability. Indeed, only the presence of gelatin produced a hydrophilic surface, which means that the PCL/GEL-based matrix would be able to absorb moisture/ fluids and proteins present in the implantation site. According to some studies, hydrophilic matrices/scaffolds may improve cell affinity, cell proliferation, wound healing, and cell spreading/migration events when compared to hydrophobic ones [36] [37] [38] [39] [40] . Interestingly, Rajzer et al. [41] recently demonstrated that, despite PCL scaffolds acting as a mechanically strong skeleton for bone tissue regeneration, the incorporation of gelatin into the PCL matrix resulted in enhanced cell spreading and mineralization activity. Notably, the gelatinbased scaffold prepared in that study was constituted from calcium phosphate nanoparticles; thus, the positive cell response obtained could also be due to the presence of nanoparticles. Nevertheless, the combination of gelatin and PCL has been truly revealed as an effective matrix for the preparation of biomimetic scaffolds applied in bone tissue engineering [41, 42] , which may, in turn, be intrinsically related to the gain in wettability seen with gelatin incorporation. However, equilibrium between hydrophobicity and hydrophilicity is essential in order to produce physico-mechanically stable matrices. Considering the results shown in Table 1 , although the incorporation of gelatin resulted in 10.5, 7.3, and 10.0 times higher tensile strength, Young's modulus, and elongation at break, respectively, as compared to its gelatin-free counterpart (i.e., the PCL matrix containing 15 wt% of CaO) (Table 1) , this effect was not observed after wet storage of the samples. Indeed, a significant reduction in properties was obtained, which ranged from a 2.1-to a 13.2-fold decrease, depending on the mechanical property tested. This is probably related to the hydrophilic nature of gelatin, which does not naturally cross-link to the main polymer chain, leading to fast hydrolytic degradation of the system, and consequently, to strength reduction [43] . By contrast, the mechanical properties of the gelatin-free matrices remained mostly unchanged after wet storage, and the hydrophobic nature of PCL is the most reasonable explanation for this result. Another finding of the present study was that the incorporation of CaO reduced the strength of the matrices, corroborating the findings of a previous study that stated ceramic non-woven fabrics (i.e., the CaO-loaded matrices synthesized here) are brittle in nature, thus affecting the mechanical behavior of the biomaterial [27] . Notwithstanding, the presence of calcium-based compounds in scaffolds was revealed to positively aid in bioactivity characteristics, thus overcoming the negative effects on mechanical properties.
CaO was chosen in this study especially because of its previous effective antimicrobial potential [24, 28, 29] , which is mostly believed to be due to the production of reactive oxygen species (ROS) that may ultimately penetrate through bacterial cell matrices, decreasing cell activity events, and consequently, bacterial survival. Nonetheless, only one of the three independent experiments resulted in antibacterial activity against the targeted bacteria (Fig. 5a) , and perhaps only for the gelatin-based matrix. This positive result was, at first, considered promising; however, no antibacterial activity was obtained in the next two rounds of experiments (Fig. 5b) , regardless of the matrix tested. Although it may be difficult to explain these findings, there are some important aspects related to the characteristics and processing conditions of nanoparticles that could have influenced this outcome. First, it has been revealed that the size of nanoparticles may affect their antibacterial potential, with the smaller the size, the greater the activity [44] ; second, calcination (i.e., a thermal treating process) of CaO nanoparticles was revealed to improve bacterial killing when compared to untreated nanoparticles [45] . The nanoparticles used in the present study were situated in the nano-size range (Fig. 3a) , showing an average size of 67 nm, which, in fact, was considerably higher than the 18-nm-sized nanoparticles used in the study by Roy et al. [24] . This difference in size of nanoparticles may, perhaps, explain the negative antibacterial activity obtained in our study; however, it does not elucidate why an inhibition halo could be seen for the gelatin-based matrix during the first experiment. However, in the third experiment, CaO nanoparticles were calcined as previously described [45] and then used for preparation of new CaO suspensions and tested against S. aureus. Once again, no antibacterial effect was observed. Taken together, the findings of the antibacterial test performed in the present study were inconclusive. Therefore, it can be suggested that something related to the nanoparticles used here had a limited aspect regarding their antibacterial potential; however, it is noteworthy that there are still a few studies in the literature showing that CaO nanoparticles can kill bacteria; therefore, further research focusing on the antibacterial activity of CaO nanoparticles against different bacteria should be performed.
Despite the lack of antibacterial properties displayed by the CaO-loaded matrices, osteoprecursor MC3T3-E1 cell viability was considered overall to be very satisfactory, as shown in Figs. 6 and 7. According to previous studies, electrospun PCL-and gelatin-based fibers were both considered excellent substrates for cell growth [39, [46] [47] [48] , probably because the fibers obtained may resemble the extracellular matrix of native bone tissues. More importantly, the incorporation of compounds based on calcium (e.g., hydroxyapatite, calcium phosphate, and calcium carbonate) has been shown to be a promising approach to enhancing osteogenic ability, and thus bone regeneration [25] [26] [27] 49] . Consequently, it could be expected that osteoprecursor cells would present an affinity to the CaOloaded matrices processed here. Nevertheless, it is also important to note that the PCL matrix containing 15 wt% of CaO displayed low viability after 7 days of culture and, considering this negative result, it can be inferred that higher concentrations (>10 wt%) of CaO would be harmful to the cells. Notwithstanding, the PCL/GEL matrix, which was also constituted of 15 wt% of CaO, produced the highest level of cell growth, so it seems that this amount of nanoparticles is not detrimental to cells, but it serves as another characteristic of the PCL matrix that was different from the gelatin-based matrix. One possible explanation is the clear difference in architecture/ morphology of fibers; indeed, while the PCL/GEL matrix demonstrated thicker fibers with high porosity, the PCL matrix presented thinner fibers with significantly reduced porosity (Fig. 1) . Taking into consideration that porosity is necessary for cell spreading and infiltration [35, 50] , the MC3T3-E1 cells could not easily attach and proliferate over the low porous matrix, which was also confirmed by the absence of pseudopodia extensions in the SEM images of the PCL matrix containing 15 wt% of CaO (Fig. 7) . Therefore, depending on the polymer system used, the addition of CaO can negatively affect the porosity level of the matrix, thus leading to important consequences to cell viability and proliferation. Meanwhile, another interesting finding of this study was that the gelatin-based matrix containing CaO nanoparticles produced excellent cell adhesion and viability, which was sometimes higher than the other matrices tested (Figs. 6 and 7) . According to the results shown in Fig. 4 , the PCL/GEL matrix was hydrophilic compared to the hydrophobic PCL-based matrices. Considering that hydrophilic matrices/scaffolds may increase cell viability, the positive cell response obtained here corroborates with previous studies [36] [37] [38] [39] [40] . Interestingly, the present findings also agree with a previous study, which indicated that cell proliferation increased over time [51] . Previous studies reported on the enhanced mineralized matrix nodule formation in the presence of high Ca ion concentrations in dental pulp stem cells [52] and osteoblasts [53] . Here, an increased osteogenic differentiation of osteoprecursor cells in CaO-loaded matrices was noticed, which might be due to the release of calcium ions. Surprisingly, there was a decrease in ALP levels for the gelatin-containing CaOloaded matrix, the reason of which should be further explored.
Conclusion
Taken together, the present findings demonstrated that CaO nanoparticles can successfully be incorporated into electrospun PCL or PCL/GEL fibers without negatively affecting the overall performance of the matrices. Furthermore, a consistent antibacterial activity against S. aureus was not observed using these nanoparticles. On the other hand, our data confirmed that the PCL matrices containing CaO served as a good substrate for preosteoblasts viability, adhesion, and differentiation, thus still presenting a potential application for bone tissue engineering purposes.
